We have implemented a 2-dimensional numerical model for simulating gas hydrate and free gas accumulation in marine sediments. The starting equations are those of the conservation of the transport of momentum, energy, and mass, as well as those of the thermodynamics of methane hydrate stability and methane solubility in the pore-fluid. These constitutive equations are then integrated into a finite element in space, finite-difference in time scheme. We are then able to examine the formation and distribution of methane hydrate and free gas in a simple geologic framework, with respect to the geothermal heat flow, fluid flow, the methane in-situ production and basal flux. Three simulations are performed, leading to the build up of hydrate emplacements largely linear through time. Models act primarily as free gas accumulators and are relatively inefficient with respect to hydrate emplacements: 26-33% of formed methane are converted to hydrate. Seepage of methane across the sea-floor is negligible for fluid flow below 2. 10 −11 kg/m 2 /s. At 5.625 10 −11 kg/m 2 /s however, 9.7% of the formed methane seeps out of the model. Moreover, along strike variation arising in the 2-dimensional model are outlined. In the absence of focused flow, the thermodynamics of hydrate accumulation are primarily one-dimensional. However, changes in free methane compressibility (density) and methane solubility (the intrinsic dissolved methane flux) subtlety impact on the formation of a free gas zone and the distribution of the hydrate emplacements in our 2-dimensional simulations.
Introduction
Clathrate compounds were discovered in the early 1800s by Humphrey Davy and Michael Faraday while experimenting with chlorine-water mixtures: as the mixtures cooled, a solid 2 material formed at temperatures above the normal freezing point of water. Low-molecularweight gases (methane for instance) and water combine to form crystalline clathrate hydrates of gas or ''gas hydrates'' at high pressures, low temperatures, within specific gas concentrations, and water activity (Duan et al., 1992) . In the late 1960s, "solid natural gas" or methane hydrate was observed as a naturally-occurring constituent of subsurface sediments in Messoyahka gas field of the Western Siberia basin. Then in 1974, Soviet scientists recovered large hydrate nodules from the floor of the Black Sea: thermodynamically favorable conditions to the formation of methane hydrate exits beneath seafloor sediments (the gas hydrate stability zone) down to depth where the geothermal gradient exceeds the three-phase equilibrium (the base of the GHSZ). Submarine gas hydrates are often found with a free gas layer below the BGHSZ. Degradation of reactive organic matter, through bacterial methanogenesis and, in some cases, thermogenesis produce copious amounts of methane in deep water continental margin sediment, either within or transported into the GHSZ. Hence, oceanic gas hydrates probably comprise the largest pool of organic carbon in the shallow geosphere (Kvenvolden, 1988) .
Understanding the factors that control the emplacement of gas hydrates in submarine sediments appears critical when examining natural gas hydrate as a possible energy resource, a submarine geohazard, or an agent of climate change. A decade ago, conceptual models for the kinetics of gas hydrate formation at the pore scale (e.g. Clennell et al., 1999; Henry et al., 1999) , together with the basic equations of state for natural gas hydrate emplacements, steadystate and 1-dimentional at first, where solidly established (e.g. Rumpel and Buffet, 1997; Xu and Ruppel, 1999; Davie and Buffet, 2003; Gering, 2003) . Since, kinetic models in porous media (e.g. Genov et al. 2004; Sun and Mohanty, 2006) , as well as 2 and 3 dimensional models at geological scale (e.g. Sun et al., 2005; He et al., 2006; Moridis and Sloan, 2007; Garg et al., 2008) further matured. Often, these studies focus on determining the geological conditions necessary to match observed in-situ down-hole measurements, such as chlorinity, temperature, or gas hydrates concentrations, or the formation of carbonates, or near-surface methane depletion from the anaerobic methane oxidation zone in piston cores. Other models emphasize on future exploitation of gas hydrate, reservoir depletion during gas production (e.g. Moridis et al., 2007; Moridis et al., 2009) , and coupling with sediment mechanics (Kimoto et al., 2007) . Today, hydrate models remain relevant and fruitful in distinguishing critical thermodynamic and physical factors for natural hydrate emplacement at field scale, and set the conceptual framework for geologists, geochemists, and geophysicists during 3 natural gas hydrate exploration in sub-marine geological structures (e.g. Riedel et al., 2006; Tréhu et al., 2006) .
Numerical Model

Equations of State
Gas hydrate in marine sediment form under conditions of relative high pressure and low temperature, when the gas concentration exceeds those that can be held in solution. Methane solubility at high-pressure conditions have received considerable attention, through experimental (e.g. Chapoy et al., 2004) , and modeling studies (Tishchenko et al., 2005; Duan and Mao, 2006; Sun and Duan, 2007) : the solubility presents a temperature-dependant quasiexponential decay from the solubility at the methane hydrate phase boundary in the hydrate stability domain (Fig. 1) . Concentration of salt ions (Na and Cl) also impact on the decay of solubility in the stability zone. Hence, Tishchenko et al. (2005) , using the rigorous ion interaction method of Pitzer, propose empirical algorithms for hydrate dissociation pressures and methane concentrations, in seawater and pore water equilibrated with methane hydrate, as functions of chlorinity Cl (in ppt), temperature and hydrostatic pressure. The pore-water dissociation pressures P w dis for a temperature range of 273-293 K and chlorinity of 0-70 
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The accuracy of these functions to predict the behaviour of methane in marine sediments is arguable but give a good approximation in order to demonstrate the significance and magnitude of this effect (Tishchenko et al., 2005) .
A thermodynamic model for calculating the solubility of methane gas phase C g CH4 accurate to about 6% at pressure P w below P w dis from 273 to 523 °K and 1 to 200 MPa is proposed by Duan and Mao (2006) Duan and Mao (2006) : the minor loss in accuracy is warrant by the decrease in computational resource.
The pre-computed 2-phase and independent 3-phase solubilities are slightly discontinuous at the GH phase boundary: in the temperature range of 273 to 293 °K and pressure range of 5 to 40 MPa, we reduce these discrepancies of solubility to less than 1% by increasing salt ions content in the 2-phase domain to 3.98 wt% (and decreasing S to 32) to match Cl=19 ppt in the 3-phase domain (Fig 1b) . Finally, continuity near the phase boundary is enforced during the 2-phase solubility bilinear-interpolation by substituting the 2-phase solubility in the hydrate stability domain by the 3-phase solubility at the phase boundary.
Then, simulating the mechanisms leading to natural gas hydrate emplacement in geological environments requires the modeling of the temperature, the pressure, the chemical reactions, and the convective/diffusive flow of the reactive species. Two chemical components (i=methane, water), and 3 phases (j=aqueous, gas and solid) are considered, resulting in 6 unknown masses per unit volume M i j . In this study, we take into account the distribution of for water is quite small (<0.02 MPa) at temperatures less than 60 C; it is therefore reasonable to assume that the gas phase contains only a negligible amount of water vapor (Garg et al., 2008) . Through time, the concentrations of these species evolve due to transport in the porous medium: the fluid flux (U f ), and gas flux (U g ) are responsible for the convection of porewater, dissolved methane, and free gas; Chemical species are also subject to diffusion. Thus the starting equations are those of the conservation of mass, energy, and the transport of momentum, along with equilibrium and kinetics relations of hydrate formation. In this study, we extend the 1-dimentional equations given by Sun et al. (2005) , Esmaeilzadeh et al. (2008) and Garg et al. (2008) to the second dimension.
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Mass Balance
The mass balance for hydrate, pore-water and total methane gas in a medium of porosity are:
where ġ h is the local mass rate of hydrate formation/dissociation, and assuming that hydrate phase and the sediment matrix are fixed, i.e. U h =0;
where F g is the gas generation term which account for an internal sources (the in-situ biogenic methane generation).
Although self-diffusion coefficients of methane gas in pure component have been estimated
by NMR experiments as 43 to 75 10 -9 m 2 /s at 303 and 50 Mpa to 333 °K and 30 to Mpa (Helbaeket al., 1996) , the effective diffusion of a gas which permeates a porous medium further depends on the ratio of the mean free path of the gas to the pore dimensions, the neighboring pore structure, and the nature of the gas-solid interactions, and counter-diffusion in capillaries. Diffusivity of dissolved methane in water has been estimated to range from 1.84 to 2.09 10 -9 m 2 /s at 15.6413 MPa in a PVT cell and gas-autoclave at 30.088 °C (Sachs, 1998) .
In the absence of more data, we assume is this study an equal methane isothermal porositydependant diffusion coefficient in both the gas and dissolved phase, and no diffusion of the hydrate phase:
with D m =10 -9 m 2 /s and n=3 for muddy sediment (Iverson and Jorgensen, 1993 ; Lin et al., 2006) .
At geological times, hydrate formation/dissociation is not rate limited (e.g. Kim et al, 1987; Kowalsky and Moridis, 2007) , and stoichiometry relates local mass rates of hydrate, water and gas, to the hydrate number N h and the molecular weights of water m w =18.01524 g/mol and gas m g =16.0425 g/mol:
ġ w = ġ h N h m g / (m g + N h m w ), and ġ g = ġ h m g / (m g + N h m w ),
The masses M i relate to pore-space saturation S i and densities ρ i :
with S h + S w + S g = 1;
Momentum Balance
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Our model assumes that pore-water flux (U w ), and gas flux (U g ) obey Darcy's law for multiphase flow. For the pore-water phase:
U w = -K k rw k rs / w (P w + ρ w g), where the pore-water viscosity  w =1420 Pas is constant;
The porous medium absolute permeability K may vary considerably from geological provinces and with lithology. K is modeled as a power law function of porosity: (Fowler and yang, 2002) .
The density of pore-water (in kg/m 3 ) follows (Waite et al., 2007 after Weast, 1987 : 
The density of sediment is taken as  s =2700 kg/m 3 , while the density of hydrate (in kg/m 3 )
follows (Waite et al., 2007 after Shpakov et al., 1998 :
In the presence of hydrate, the pore-water relative permeability, assuming a pore-filing presence of hydrate, is given by (Kleinberg et al., 2003) :
In the presence free gas, saturation dependant relative permeability and capillarity pressure are taken after Moridis and Sloan (2007) :
when saturations exceed the irreducible saturations S rw =0.275, S rg =0.0125;
With m=0.45, P co =2000 Pa, and the irreducible saturations S rs =0.895, S ra =0.19; For the gas phase:
where the gas partial pressure is P g = P w + P cap (S w );
The molar volume of methane, and in turn its density, for a non-ideal gas is given by:
where Z is the methane compressibility factor. Gasem et al. (2001) propose a modified Peng- 
where R is the gas constant, v the molar volume, T c (=190.564°K) the critical temperature, P c (=4.5992 MPa) the critical pressure, and ω (=0. 011406) the acentric factor of methane; a and b are EOS constants, given by:
A=2.00 B=0.836 C=0.134 D=0.508 E=-0.0467.
Again, instead of solving the thermodynamic equilibrium at every node for every time step of our calculations, we interpolate the methane compressibility factor Z from a 
Energy Balance
where H s is the enthalpy for the sediment matrix,  is the thermal conductivity of the compound, and F H is the heat generation term which account for internal sources (radiogenic heat, for instance). Enthalpy changes related to dissolved methane are considered negligible.
We can then develops the energy balance into a thermal balance (e.g. Sun et al., 2005; He et al, 2006; Esmaeilzadeh et al., 2008) , noting that:
where Cp i are the heat capacity and  i the throttling coefficient for the i th phase, respectively;
Inserting then the mass balance equations, and defining the latent heat of hydrate dissociation H D with:
then, a single-temperature thermal equilibrium (neglecting any heat barriers between phases)
obeys (Sun et al., 2005) : 
The thermal conductivity of the pore-fluid (water and gas) is taken as :
Then, the thermal conductivity of sediment, hydrate and pore-fluid compound is given by a nested Revil-type mixing rule according to Waite et al. (2007) of the form:
Numerical Resolution
Our set of differential equations is solved with a mixed finite element in space and finitedifference in time scheme, programmed for the time being in 2-dimentions, with FreeFem++ (developed at the Laboratoire Jacques-Louis Lions in Paris). FreeFem++ benefits from high level programming language and advanced numerical solvers. Also, FreeFem++ allows presently parallelized 3-dimensional variational formulations. In this paper, the governing equations of time-dependant Temperature T, brine Pressure P w , masses M i (or pore volume saturations S i ), and fluid fluxes U i unknowns, for i=w,g,h, are solved with a backward Euler method at each time step in a sequential manner: the momentum equations (11) and (18) 
We neglect, however, the evolution of salt concentration (and salt precipitation) in the momentum and energy balances.
The boundary conditions are the following: temperature is fixed and pressure is hydrostatic at the sea-floor; Constant heat flux and pore-water and gas vertical Darcy fluxes (zero horizontal fluxes) are imposed at the base of the model. The time-steps chosen in our simulations is constant and lower than the characteristic times for advection is  conv =h/|v|, and diffusion  conv =h 2 /|v|, where h is the representative elemental length given by half the distance between the centroid of an element and its boundary (Zabras and Samanta, 2002) . Our simulations are performed on 13810 elements with 7110 vectrices, with average elemental half-length h=18.5 m, characteristic times  conv =10 10 s, and lasting about 300 minutes on a personal computer.
Furthermore, solving the momentum equations (11) and (18) 
with the isothermal compressibility of water  w =4.25 10 -10 Pa -1 and gas  g =8.5 10 -9 Pa -1 .
In the simulations presented in the following sections, where hydrate formation is a slow process, both mixed variational and explicit pressure formulations lead to stable, nearly identical solutions: brine pressure remains sub-hydrostatic. We also performed each simulation with 5-times smaller and 5-times larger time-steps, and found no significant differences in the solutions.
When higher accuracy for the pressure, and mass fluxes is required, a well known approach to the Darcy flow is the dual mixed formulation developed by Raviart and Thomas (1977) of five problems of increasing complexity (Wilder et al., 2008) . In it's current form, our simulator is probably not ready to undergo such benchmarks, as its design is focused on largescale and slow geological processes. Moreover, no comparison between simulations of natural gas hydrate emplacement has been proposed so far, and our simulations can't be benchmarked 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 against previously published scenarios. As a matter of facts, the coupling between thermodynamics, kinetics, and transport processes from the microscopic to the geologic scale presents additional numerical challenges: in particular external forces acting on the model, such as sedimentation, tectonic forces, eustatic sea-level and bottom water temperature changes; More importantly, internal processes such as compaction and the resulting porewater flow, coupled to both the structure's deformation and the initiation of fractures via the evolution of the mechanical strength and the effective stress in the structure, are unaccounted in our model. We do not therefore propose to simulate a realistic history of hydrate emplacement though a particular geological episode. However, our current framework appears sufficient to examine, in an ideally stable geological system, the formation and distribution of methane hydrate and free gas, with respect to the geothermal gradient, fluids advection rates, the methane in-situ and basal sources. In particular, the aim of this study is to estimate the efficiency of hydrate emplacement with respect to sources of methane (it's budget), and to outline if, and how, along strike variation in hydrate emplacements arise in the 2-dimentional model. The porosity is 64% at the sea-floor, and follows an exponential decay with sub-bottom depth z given as: 
No methane is present initially, and the brine pressure is hydrostatic. Salt ions content in the 2-phase domain is 3.9 wt% and Cl=19 ppt in the 3-phase domain. Solely chlorine content is tracked henceforth.
The bottom water temperature is fixed at 275 °K and a 55 mW/m 2 basal heat flux is imposed for the temperature initial solution (Fig. 2) : in the deeper part of the model a homogeneous geothermal gradient of 0.4°/km is established, but the gradient reaches 0.7°/km at the axis of the slope basin and decreases to 0.3°/km at the crest of the anticline. This wide range in 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 geothermal gradient, due to the large variations of the sea-floor depth across the model, in an otherwise homogeneous pressure gradient has two important consequences:
a) The free methane density acquires structurally related values (Fig. 3) , with relatively homogeneous values in excess of 230 kg/m 3 at depth grater than 2600 m, but decreasing rapidly with pressure above, reaching 150 kg/m 3 at the crest of the anticline.
b) The methane solubility also acquires structurally related variations (Fig. 4) : at sea-floor (275°K), 1 kg of seawater holds up to 0.6 g of methane; at the BGHSZ the solubility reached its maximum of 1.5 kg/m 3 : thus from the BGHSZ, methane precipitation from the dissolved phase is increasingly possible toward the sea-floor, but the dissolution gradient is nearly 5 times larger at the foot of the anticline and in the slope basin (4 g/m) than in the anticline (0.75 g/m). Below the BGHSZ, the solubility drops with increasing pressure (and temperature to a lesser degree), providing opportunity for the presence of free methane, decreasing more rapidly in the slope basin (-1 g/m) than in the anticline (-0.5 g/m). However, free gas is more likely observed at the crest of the anticline, where the solubility below the BGHZ is at its minimum.
Therefore in conditions of forming hydrate, i.e. methane in excess of the solubility, the vertical gradient of the solubility induces through diffusion consistent upward transport of dissolved methane in the stability zone and downward transport below. In order to continuously exsolve methane and to precipitate hydrate, this diffusive flux need to be refurbished, as pointed out by Xu and Ruppel (1999) or Davie et al. (2004) , by in-situ biogenic generation, advection of free/dissolved methane from below, porosity loss, or a combination of these mechanisms.
This intrinsic methane flux, or its equivalent brine flux, if the system is fed solely from its base by dissolved methane and assuming full dissolution, can be approximated by:
In our model, the local solubility gradient imposes an upward intrinsic methane transport of 2.5 10 -13 kg/m 2 /s at the crest of the anticline to 1.4 10 -12 kg/m 2 /s in the slope basin (or 0.5 to 2.5 mol/m 2 /kyr), or its equivalent pore-water flux of 2 10 -13 to 1.3 10 -12 kg/m 2 /s (Fig. 5) .
Below the BGHSZ, the downward intrinsic methane transport reaches -2 10 -13 kg/m 2 /s over several 10 of meters in the slope basin. (Chen and Cathles; . Gas bubbles rising in tubes (Haeckel et al, 2007) 0.05 cm/s for clay and silt, and 1 cm/s for sands (Brown, 1990) . on Hydrate Ridge (Luff and Wallmann, 2003) . In this study, we consider two case scenarios:
case A -a conservative 2.25 10 -13 kg/m 2 /s, equal to the methane production rate, and case Ba fluid seepage case with 5.625 10 -11 kg/m 2 /s, or 250 times that of case A.
Simulations
Simulations are performed over 1 Ma, at 2.5 kyr time steps. to 10 -20 m 2 , and vertical gas fluxes increase (Fig. 10) . Then, lateral gas migration away from the axis of the syncline, due to the lower methane buoyancy and higher porosity (thus higher diffusivity), results in lower saturations and gentler free gas profiles in the syncline (Fig. 7) :
vertical methane fluxes only reach 1.5 10 -12 kg/m 2 /s at the bottom of the profile, against 2.5 10 -12 kg/m 2 /s in the anticline. With a Peclet number close to 1, diffusion greatly evens free gas concentrations across the model. Hydrate saturation after 1 Ma reaches very locally 50% and 70 %, for cases A and B respectively. The hydrate distribution is surprisingly even alongstrike in models, and rather similar between both cases (Fig. 8) . Peak in hydrate saturation occurs in a 80 m thick zone located at the BGHSZ (Fig. 9 ). These peaks are laterally disconnected, separated into 10 to 250 m wide transects and characterized by higher dips than the BGHZ with their maxima always located down-dip (Fig. 7) . This segmentation appears early on and remains stable during simulations. On one hand, the segments probably arise from the numerical in-accuracy of the mesh to represent the phase-discontinuity at the BGHSZ. On the other hand, their dip and position of maximum might arise from the permeability reduction during hydrate growth. The saturation drops to its minima 80 m above the BGHSZ, followed by a secondary saturation peak. The saturation then grows evenly across the rest of the GHSZ until approaching the sea-floor, at constant rates everywhere in case A and with slightly higher rate at the foot of the anticline and in the slope basin compared to the plateau and the anticline for case B. This discrepancy in hydrate saturation in the GHSZ can best be explain by the intrinsic dissolved methane flux, of 3 10 -13 kg/m 2 /s in the anticline and greater than 10 -12 kg/m 2 /s in the slope basin, which results from the solubility variations across our model. Thus, if full dissolution is reached at the BGHSZ, a slightly larger dissolved methane flux enters the slope basin than the anticline (Fig. 4) , but the exolution of methane for hydrate precipitation is controlled by the solubility gradient. For case B, the pore-fluid flux is much larger than the intrinsic dissolved flux, and exolution proceeds at higher rates (over a thinner GHSZ) in the slope basin than in the anticline , 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 emplacing therefore higher saturations. For case A, the intrinsic dissolved flux is not reached and similar hydrate saturations are emplaced in both settings, but for half the total hydrate volume in the thinner GHSZ of the slope basin.
In order to conclude our study, a third simulation is presented: Case A is transposed from 2000 m to 1000 m water depth. In order to keep the GHSZ to a self-similar thickness, we lower the basal heat flux from 55 to 45 mW/m 2 . Thus for case C, all other parameter are equal to those of case A. The GHSZ at the centre of slope basin for cases A and C is located at about the same sub-bottom depth, and the vertical profiles of the hydrate saturation are identical (Figs. 11) , although free gas saturation is 50 % higher. At the axis of the anticline, free methane forms an advective front that reaches 12 % saturation just below the GHSZ during the last 100 kyr of simulation. The overlying peak saturation is 50% (Figs. 11): case C is characterized by hydrate saturation rather similar to case A everywhere in the model, except
for the anticline where the crest is underlain by a 500 wide and 75 m thick hydrate peak with saturations in excess of 40 %, bordered on either slopes by 40 % saturation and almost 500 m wide transects. Above the peak, saturation profiles are identical in both cases A and C. When examining the methane budget for case C (Fig. 6 ), it appears that case C's free methane mass, hydrate mass, and dissolver mass are slightly larger than cases A and B. The prime discrepancy between these cases is the large decrease of free methane density (Fig. 3 ) when set in shallower water depths and approaching methane critical pressure: the methane compressibility dependence on temperature becomes negligible and the density grows linearly with hydrostatic pressure; Thus, the methane saturations between case A and C grow to gas density accordingly, without significant changes in total mass. Moreover, the higher free gas buoyancy, particularly in the anticline is responsible for the strong free gas flux that nourishes the hydrate peak at the base of the GHSZ. Secondly, the overall solubility decreases slightly, retaining case A's general shape (Fig. 4) , with the exception of the anticline axis where the solubility is only 1.01 kg/m 3 at all depth below the BGHZ: dissolved methane transport into the GHSZ at the anticline decreases from case A to C. Finally, the intrinsic dissolved methane flux in both water depths remain very similar, owing to the self-similarity imposed on both models (i.e. similar thermal structure and GHSZ thickness), and hydrate emplacement above the hydrate peak in both models are very similar.
Discussion and Conclusive Remarks
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The model proposed in this study is still in its infancy. However, our finite-element approach appears well suited for the simple numerical challenges performed in this study. At the rates of methane and water production imposed in our simulations, the proportion of hydrate growth versus total methane content is 27.7, 33.4, and 25.8 % for cases A, B, C, respectively: the systems investigated are rather inefficient with respect to hydrate emplacements, and act primarily as free gas accumulators; However, seepage of methane (through the top of the model) is negligible, as long as pore-fluid flow remains below 2 10 -11 kg/m 2 /s. Moreover, for irreducible permeability ranging from 10 -13 to 10 -20 m 2 , the Darcy fluid and free gas flow does not exhibit focused flow, and the build up of hydrate emplacements is largely linear through time (Fig. 6) . Toward the end of case C simulation, the buoyancy driven gas flow introduces dramatic hydrate growth rates at the BGHSZ, illustrating non-linear behavior. Hence, alternatives finite-element classes such as Raviart-Thomas elements could be implemented for solving the Darcy flows. Finally during our simulations, the temperature, pressure, and salinity do not deviate significantly from their initial profiles: these appear at production rates several order of magnitude larger. The temperature presents the largest changes: the temperature gradient at the crest of the anticline increases by 3.3, 3.67, 4.4% and in the slope basin by 3.7, 4.0, 3.65 %, for cases A, B, C respectively, due to the decrease of thermal conductivity in the GHSZ and the increase in methane advection below. Rapid hydrate formation/dissociation, resulting in important volume changes, latent heat, and fresh water exchange may be investigated in the future.
At present time, our model does not include other geochemical constituents, primarily organic content and sulfate: Methanogenesis is imposed as constant or as arbitrary time and space functions; Near the sea-floor, sulfate diffusion from the bottom water and subsequent sulfate reduction, anaerobic methane oxidation, and isotopic carbon fractionation are not modeled.
As a result, our simulations predict amounts of forming hydrate near the sea-floor and gas seeping into the water column that need to be revised for the methane oxidation. These processes have been left out because numerous 1-dimensional models already exist that would be perfectly accurate at every location in our 2-D model.
A more obvious limitation of our model is that we don't consider sedimentation/erosion and consolidation (time-dependent porosity evolution). In an elegant approach often implemented in 1-D models linking the porosity-loss to effective stress (e.g. Bhatnagar, 2008; Haacke, 2008; Garg et al., 2008) , the seafloor sedimentation rate Ŝ is constant in time and in equilibrium with the subsidence rate, compensating compaction in the way that the depth-17 porosity profile remains constant through time, and introducing a downward sediment flux U s , and fluid flux resulting from sedimentation and compaction U w sed in the form of (Bhatnagar, 2008) :
The main consequence of the downward sedimentary flux U s is hydrate dissociation at the base of the GHSZ and the consequent formation of a free gas zone, while the fluid flux U w sed adds to the user defined pore-water flow (boundary condition): this does not alter noticeably the conclusions of this study. Furthermore, sediment will often bypass structural highs and deposit preferentially in bathymetric lows: a laterally variable seafloor sedimentation rate will break the equilibrium with the subsidence rate, and result in time variant depth-porosity.
Therefore, the process of consolidation may be more accurately accounted for when related to the rate of excess pore pressure dissipation and the rate of sedimentation (Sultan et al. 2004) , and, if methane hydrate provide significant strength to the solidus, related to hydrate growth (e.g. Kimoto et al., 2007) .
In the simulations presented in this study, along strike variations are mainly the result of the depth-dependence of pressure and sub-bottom dependence of temperature in the thermodynamics of hydrate emplacement. Methane and water production rates are held homogeneous, and the rheology is driven by sub-bottom depth, in particular the porosity: to a large extend, the simulation results are therefore 1-dimensional. Recently, Bhatnagar (2008) pointed out that the 1-dimentional steady-state solution for marine hydrate emplacements, when expressed in its dimensionless form, is relatively insensitive to changes in water depth, sea-floor temperature, and geothermal gradient: our simulations are an illustration of this invariance. Still, subtle along strike variations in the formation of free gas zones and hydrate saturations profiles result from significant changes in methane density and solubility (the intrinsic dissolved methane flux). Assigning to our models vertical fluid and methane conduits, or lateral migration paths along sedimentary bedding guided permeability layers for example, would introduce areas of focused flow and more pronounced heterogeneities on gas hydrate and free gas distribution: our model will shortly become parallel and 3-dimentional.
However to render the complexity in natural hydrate emplacement, transport models coupled with sediment mechanics, through fracture initiation and propagation, might prove more critical. 18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Figures Figure 1 . Methane solubility in grams of methane per kilogram of pore fluid versus pressure and temperature. The methane hydrate phase boundary (BGHSZ) separates the 2-phase L+G (water and gas) and the 3-phase L+G+H (water, gas and hydrate) behaviors. (a) Diamonds mark the 2-phase solubility for 3.5 wt% salt ions (Duan and Mao, 2006) ; Triangles mark the 3-phase solubility for S=35 while upside-down triangles mark the 3-phase solubility for 19 ppt of Cl (Tishchenko et al., 2005) , and a thin dashed line marks the 2-phase solubility at atmospheric pressure. (b). Discontinuity of the 2-phase and 3-phase formal solubility at 20 MPa for 3.95 wt% salt ions (Duan and Mao, 2006) and S=32 as well as Cl=19 ppt (Tishchenko et al., 2005) . . Methane budget for cases A in black, B in grey, and C in light grey. Gas hydrate and free methane grow steadily throughout the simulation, beginning shortly prior reaching full dissolution. Free gas budget is very similar in all models. In case of high water flux B, almost 7 kton of dissolved methane are carried across the top of the model, and 5.4 kton more hydrate form when compared to cases A and C. Figure 7 . Free methane saturation reached after 1 Ma for cases (a) A and (b) B. Inherited by the solubility profile, free gas saturation is higher in the anticline. Although methane production rates are equal in both cases, a more pronounced methane front characterizes the BGHSZ in case A. Figure 8 . Methane hydrate saturation reached after 1 Ma for cases (a) A and (b) B. Total hydrate emplaced for case B are 29 % higher than for case A, but distribute comparatively between both cases. Along-strike variations are small at the BGHSZ, and more pronounced for case B, particularly when comparing anticline and slope basin. Figure 9 . Hydrate and free methane saturation profiles for cases A and B, at (a) the axis of the anticline (x=3200) and (b) slope basin (x=2230), with 25 kyr time steps. The vertical axis is scaled to the hydrate stability thickness (dimensionless). While higher saturations are emplaced in the slope basin than at the crest of the anticline for case B, similar profiles are observed for case A. Figure 10 . Hydrate and free methane flux for cases A and B, at (a) the axis of the anticline (x=3200) and (b) slope basin (x=2230), with 25 kyr time steps. Pore-water flux hardly varies across profiles; Free gas flux remain close to the methane production rates for half of the simulation and increase considerably thereafter, as gas relative permeability increases with free methane saturation. Figure 11 . Hydrate and free methane saturation profiles for cases A and C, at (a) the axis of the anticline (x=3200) and (b) slope basin (x=2230), with 25 kyr time steps. The vertical axis are stretched to equal GHSZ and plotted to the left and right for cases A and C, respectively. The two models are almost self-similar in the slope basin, when going from 2000 to 1000 m water depth and 55 to 45 mW/m2 basal heat flux. Free methane buoyancy and solubility below the BGHSZ drive two very distinct hydrate saturation profiles at the crest of the anticline.
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